We investigated the effect of an acidic environment on the radiation-induced G2/M arrest and apoptosis using RKO×C human colorectal cancer cells expressing wild-type p53 and RC10×1 cells, a subline of RKO×C cells deficient in p53 as well as p53
Introduction
It is a well-known fact that the interstitial environment in human tumors is acidic relative to that in normal tissues. 1 ± 4 It would be reasonable to expect that such an acidic intratumor environment greatly affects various metabolic processes and proliferation of tumor cells as well as the response of tumor cells to various therapeutic insults. In fact, an acidic environment alone has been demonstrated to kill tumor cells by apoptosis, 5, 6 enhance the response of tumor cells to many chemotherapy drugs, 7, 8 and hyperthermia. 9 ± 12 On the other hand, an acidic environment has been reported to increase radioresistance of tumor cells. 12 We have found that an acidic environment suppresses the exit of cells from radiationinduced G2/M arrest, thereby suppressing radiation-induced apoptosis in SCK mouse tumor cells 13 and also in HL-60 human leukemia cells.
14 It is well established that the tumor suppressor gene p53 is intimately involved in cell cycle progression and apoptosis in irradiated cells. 15, 16 Since the p53 in SCK cells is mutated, and HL-60 cells are deficient in p53, the role of p53 in the aforementioned effect of an acidic environment on the transition of irradiated cells through G2/Mphase to apoptosis has been unclear.
It has been reported that various cells carrying wild-type p53 are arrested in G1 phase after DNA damage due to transcriptional upregulation of p21 WAF1/CIP1 , which inhibits the kinases involved in cell cycle progression. 16 ± 18 However, indications are that such a relationship is not absolute between the upregulation of p53 and G1 arrest, particularly in tumor cells. 19 ± 22 It has also been reported that G2/M arrest occurs after DNA damage, regardless of the status of p53, suggesting that p53 is not required for G2/M arrest. 16,23 ± 28 On the other hand, it has become increasingly evident during the last several years that the exit of cells from G2/M arrest after DNA damage is influenced by p53. Bunz et al 29 reported that p53 inhibited the exit of G2 cells to mitosis in various human cancer and normal cells after irradiation with 12 Gy. In apparent contradiction to this report, other investigators have reported that p53 accelerated the exit of cells from G2 arrest to mitosis and apoptosis after DNA damage. 28,30 ± 33 In the present study, we investigated the kinetics of G2/M arrest and apoptosis after irradiation in different pH environments using RKO×C human colorectal cancer cells carrying wild-type p53 and E6-transfected RC10×1 cells and mouse embryonic fibroblast MEFs with or without p53. The relationship between the G2/ M arrest and cyclin B1-Cdc2 kinase activity in the different pH environments was also investigated.
Results
Cell cycle progression and apoptosis after irradiation in RKO×C cells and RC10×1 cells Figure 1 shows the histogram of DNA contents or cell cycle distribution in RKO×C cells and RC10×1 cells, as determined with propidium iodide (PI)/flow cytometry after irradiation with 12 Gy in pH 7.5 medium and pH 6.6 medium. The per cent of cells in G2/M-phase at varying times after irradiation was obtained from the histograms and is shown in Table 1 . Figure  1A shows that the rate of accumulation of irradiated RKO×C cells in G2/M-phase was slightly slower in pH 6.6 medium as compared to that in pH 7.5 medium. As shown in Table 1 , about 70% of RKO×C cells accumulated in G2/M-phase 16 ± 24 h after 12 Gy irradiation in pH 7.5 medium, whereas about 50% of the cells accumulated in G2/M-phase during the same period after irradiation in pH 6.6 medium. The exit of irradiated RKO×C cells from G2/M arrest to apoptosis was also markedly delayed in pH 6.6 medium relative to that in pH 7.5 medium. Consequently, about 36% of the cells in pH 6.6 medium were still in G2/M-phase 72 h after irradiation whereas only 8% of cells were in G2/M-phase in pH 7.5 medium at the same time. A similar effect of an acidic environment on cell cycle progression, including accumulation in G2/M-phase and subsequent apoptosis, was observed in RC10×1 cells after 12 Gy irradiation ( Figure 1B) . When RC10×1 cells were irradiated with 12 Gy and maintained in pH 7.5 medium, 76% of the cells accumulated in G2/M-phase by 24 h. Thereafter, the cells began to exit from G2/M arrest and only about 16% of cells were in G2/M phase by 72 h. On the other hand, in pH 6.6 medium, the percentage of RC10×1 cells in G2/M-phase gradually increased to 60% by 48 h after irradiation and then slowly declined to 45% by 72 h.
A comparison of Figure 1A and B indicates that the per cent of accumulated RKO×1 cells in G2/M-phase after irradiation was similar to that in R10×1 cells in the same pH medium.
However, RKO×C cells exited from G2/M arrest faster than RC10×1 cells in pH 7.5 medium. For example, 70% of RKO×C cells in pH 7.5 medium were in G2/M-phase 24 h after 12 Gy irradiation, and the percentage of cells in G2/Mphase decreased to 20% by 48 h, whereas 76% of RC10×1 cells were in G2/M-phase 24 h after 12 Gy irradiation in pH 7.5 medium and they decreased to 44% by 48 h (Table 1) . Unlike the cells in pH 7.5 medium, the rate to exit from radiation-induced G2/M arrest in RKO×1 cells in pH 6.6. medium was similar to that in RC10×1 cells. Figure 2 shows the increase in apoptotic cell population after 12 Gy irradiation, as determined from the DNA histogram ( Figure  1 ). It is clear that the post-mitotic apoptosis occurred faster in RKO×C cells than in RC10×1 cells more markedly in 7.5 medium than in pH 6.6 medium after irradiation. Figure 3 shows the cell cycle distribution at 24 h after 4 Gy irradiation in RKO×C cells and RC10×1 cells as determined with PI/flow cytometry method. When RKO×C cells were irradiated with 4 Gy in pH 7.5 medium, the G2/M arrest peaked at 16 h and then apoptosis began to appear, resulting in about 15% of the cells apoptosing by 24 h. When RC10×1 cells were irradiated with 4 Gy in pH 7.5 medium, G2/M arrest also peaked at 16 h, but unlike in the RKO×C cells, the majority of the irradiated RC10×1 cells remained in the G2/M-phase and little apoptosis occurred by 24 h. In pH 6.6 medium there was no evidence of apoptosis 24 h after 4 Gy irradiation in both RKO×C cells Cell cycle progression and apoptosis after irradiation in p53 +/+ and p53 7/7 MEFs
Using the PI/flow cytometry method, we investigated the G2/M arrest and subsequent apoptosis in MEFs after irradiation in pH 7.5 and pH 6.6 media. The effects of p53 status and pH on the rate of increase in G2/M cells and on the rate of exit from G2/M arrest after irradiation in MEFs were similar to those in RKO×C cells and RC10×1 cells. In brief, the radiation-induced G2/M arrest in p53 +/+ MEFs was shorter than that in p53 7/7 MEFs in both pH 7.5 and pH 6.6 media, and an acidic environment prolonged the radiation-induced G2/M arrest in both p53
MEFs and p53
7/7 MEFs (data not shown). These changes in the kinetics of G2/M arrest resulted in changes in the kinetics of apoptosis. Figure 4 shows that after 4 Gy irradiation p53 +/+ MEFs apoptosed much faster than p53 7/7 MEFs in both pH 7.5 and pH 6.6 media and that the radiation-induced apoptosis in pH 7.5 medium was faster than that in pH 6.6 medium. The slight decline in per cent of apoptosis in pH 7.5 medium from 48 h after irradiation may be due to disintegration of cells which apoptosed before 48 h after irradiation.
Analysis of G2 cells and M cells
In the cell cycle analysis using PI/flow cytometry, as shown in Figures 1 and 3 , G2 and M cells were indistinguishable.
Therefore, it was impossible to know whether the prolongation of radiation-induced G2/M arrest in the cells deficient in p53 or that in acidic medium was due to arrest of cells in G2 phase or M-phase. This question was addressed using the acridine orange/flow cytometry method. 34 First, we conducted a control study in which cell cycle distribution was determined after cells were treated with colcemide, which arrests cells in mitosis. When RKO×C cells were treated with colcemid, nearly 30% of the cells already had accumulated in M-phase in 4 h ( Figure 5 ). This study demonstrated that the acridine orange/ flow cytometry method is capable of distinguishing M cells from G1, S and G2 cells. Figure 6 shows that after exposing RKO×C or RC10×1 cells to 12 Gy either in pH 7.5 medium or +/+ and p53 7/7 MEFs in apoptosis as a function of time after 4 Gy irradiation in pH 7.5 or pH 6.6 media. The cells with sub-G1 DNA content in the flow cytometric analysis of DNA content were judged as apoptotic cells. Means of 3 ± 5 experiments with quadruplet samples and 1 S.E. are shown pH 6.6 medium, the G2 cell population increased until 48 h without any sign of a significant increase in the accumulation of cells in M-phase, although there were small increases in M cells population 72 h after irradiation. Therefore, it could be concluded that the increase in G2/M cell population after irradiation, which was observed with the PI/flow cytometry method (Figures 1 and 3) , was due mainly to G2 arrest in pH 7.5 and pH 6.6 media in both RKO and R10×1 cells. Thus it would follow that the longer G2/M arrest in RC10×1 cells as compared to that in RKO×C cells after irradiation was due to prolongation of G2 arrest rather than prolongation of M arrest. Likewise, the prolonged G2/M arrest in RKO×C cells after irradiation in pH 6.6 medium compared to that in pH 7.5 medium (Figures 1 and 3 ) may be attributed to prolongation of G2 arrest after irradiation in pH 6.6 medium.
PARP cleavage and DNA fragmentation
Cleavage of PARP to an 85 KD fragment by caspases and degradation of DNA to oligonucleosomal fragments are common features of apoptosis.
35 Figure 7 shows the PARP cleavage and DNA fragmentation in RKO×C and RC10×1 cells 48 h after 12 Gy irradiation in pH 7.5 medium or pH 6.6 medium. In the RKO×C cells, there was marked PARP cleavage and DNA fragmentation in pH 7.5 medium but not in pH 6.6 medium. In RC10×1 cells, there was slight PARP cleavage and DNA fragmentation at 48 h after irradiation in pH 7.5 medium but not in pH 6.6 medium. These results are in good agreement with the results of the flow cytometry study (Figures 1, 2 and 3 ) that more apoptosis occurred in RKO×C cells than in RC10×1 cells in pH 7.5 medium by 48 h after irradiation and that only a small fraction of cells underwent apoptosis by 48 h after 12 Gy irradiation in both RKO×C cells and RC10×1 cells in pH 6.6 medium.
p53 and p21 proteins
The changes in levels of p53 and p21 proteins in RKO×C cells and RC10×1 cells after 12 Gy irradiation in pH 7.5 medium and pH 6.6 medium are shown in Figure 8 . In the RKO×C cells irradiated in pH 7.5 medium, the level of p53 markedly increased within 2 h and peaked at 4 h. Although the p53 level slightly declined thereafter, it was still significantly higher than that in the unirradiated control cells at 72 h after irradiation. In pH 6.6 medium, the p53 level in RKO×C cells increased until 8 h after irradition and then gradually decreased. Note that the peak increase in p53 level in RKO×C cells occurred at 4 h in pH 7.5 medium while it occurred at 8 h in pH 6.6 medium after 12 Gy irradiation.
The p21 level in RKO×C cells in pH 7.5 medium slightly increased by 2 h and continued to increase and peaked at 48 h after irradiation. In pH 6.6 medium, the p21 level in RKO×C cells slightly increased by 4 h and peaked at 24 ± 48 h after irradiation. The level of p21 in pH 6.6 medium 
was far less than that in pH 7.5 medium at all times after irradiation. As expected, the levels of p53 and p21 in RC10×1 cells were negligible before and after irradiation with 12 Gy in both pH 7.5 and pH 6.6 media. The changes in p53 and p21 protein levels after 4 Gy irradiation were qualitatively the same as those by 12 Gy irradiation in both pH 7.5 and pH 6.6 media (data not shown).
Cyclin B1-Cdc2 kinase activity
In the RKO×C cells and RC10×1 cells irradiated in pH 7.5 medium, the kinase activity of cyclin B1-Cdc2 complex significantly decreased during the first 4 ± 8 h after irradiation and then began to recover (Figure 9 ). In the RKO×C cells, the kinase activity recovered by 16 h, peaked at 24 h, and then decreased. In the RC10×1 cells, the kinase activity recovered by 24 h, continuously increased until 48 h, and then slightly declined at 72 h after irradiation. Note that at 48 h after irradiation, the kinase activity in the RKO×C cells was almost the same as that in the control cells, whereas that the kinase activity in the RC10×1 cells at 48 h after irradiation was twofold that in the control cells. The change in cyclin B1-Cdc2 kinase activity in pH 6.6 medium was similar to that in both cell lines in pH 7.5 medium until 24 h after irradiation; the kinase activity initially declined and then progressively increased until 24 h. Interestingly, the kinase activity in the cells in pH 6.6 medium Radiation-induced G2/M arrest and apoptosis in low pH HJ Park et al abruptly decreased after the peak increase at 24 h, more so in the RKO×C cells than in the RC10×1 cells. Consequently, the kinase activity in the RKO×C cells 48 ± 72 h after irradiation in pH 6.6 medium was markedly less than that in the control cells.
Discussion
The results obtained with the flow cytometry method, DNA fragmentation and PARP cleavage demonstrated that p53 accelerates the progression of irradiated tumor cells through G2 phase thereby facilitating the appearance of post-mitotic apoptosis. The present study also demonstrated that an acidic environment suppresses progression of irradiated cells through G2 phase thereby suppressing the occurrence of post-mitotic apoptosis, regardless of the p53 status of cells. The variation in progression of cells through G2/M-phase after irradiation due to differences in p53 status and/or environmental pH could be attributed to a variance in cyclin-B-Cdc2 kinase activity. It has been reported that G2/M arrest occurs when DNA is damaged by ionizing irradiation regardless of p53 status suggesting that activation of G2/M checkpoint is independent of p53 status. 16,23 ± 28 In agreement with these reports, both p53-positive RKO×C cells and p53-deficient RC10×1 cells arrested in G2/M-phase after irradiation in pH 7.5 environment in the present study (Figures 1 and 3) , although the rate of accumulation in G2/M-phase after irradiation was slightly slower in RC10×1 cells as compared to the RKO×C cells. However, the G2/M arrest caused by a 4 or 12 Gy irradiation decayed significantly faster in RKO×C cells than in RC10×1 cells in pH 7.5 environment. Consequently, the rate of appearance of apoptosis which followed the G2/M arrest was faster in RKO×C cells as compared to that in RC10×1 cells (Figure 2 ). We also observed that p53 +/+ MEFs apoptosed faster than p53
MEFs after 4 Gy irradiation (Figure 4 ). In fact, the role of Figure 8 Immunoblot analysis of p53, p21, and b-Tubulin expression in RKO×C cells and RC10×1 cells after a 12 Gy irradiation in pH 7.5 or pH 6.6 media
Cell Death and Differentiation
Radiation-induced G2/M arrest and apoptosis in low pH HJ Park et al p53 on radiation-induced apoptosis was greater for the mouse embryonic fibroblasts (MEFs) than that in the human colorectal cancer cells (RKO×C and RC10×1).
In agreement with the results of the flow cytometry study that the increase in the sub-G1 population, i.e. apoptotic cells, was faster in p53-positive cells relative to that in p53-negative cells, other indications of apoptosis such as PARP cleavage and DNA fragmentation were significantly greater in RKO×C cells than in RC10×1 cells at 48 h after 12 Gy irradiation in pH 7.5 medium (Figure 7) .
The results obtained in our present studies are in good agreement with reports by others that p53 accelerated the exit of cells from radiation-induced G2/M arrest and that p53 increased or accelerated apoptosis after DNA damage. 15,25,28,30 ± 33,36 ± 38 In apparent contradiction to these reports, Bunz et al 29 reported that radiation-induced G2 arrest could be sustained only when p53 was present and that after disruption of either p53 or p21 genes, irradiated cells progressed into mitosis in various human cell lines. Our study indicated that irradiation caused G2 arrest in both p53-positive RKO×C cells and p53-negative RC10×1 cells (Figure 6 ), and that p53 appeared to accelerate the exit of cells from radiation-induced G2 arrest because the radiation-induced G2/M arrest decayed faster in RKO×C cells than RC10×1 cells (Figures 1 ± 3) . Figure 9 shows that in pH 7.5 medium, the cyclin B1-Cdc2 kinase activity in both RKO×C cells and RC10×1 cells declined initially and then recovered by 24 ± 48 h after irradiation. The initial decline in the kinase activity may account for the G2/M arrest after irradiation. The cyclin B1- Figure 9 (A) Cyclin B1-associated Cdc2 kinase activity in RKO×C and RC10×1 cells after 12 Gy irradiation in pH 7.5 medium or pH 6.6 medium. Cyclin B1 immunoprecipitates were prepared at different times after irradiation and reacted with 50 mg/ml histone H1, 30 mM ATP, and 20 mCi [g-32 P]ATP at 308C for 30 min as described in the`Materials and Methods'. (B) and (C) Relative cyclin B1-associated Cdc2 kinase activity are expressed as the fold of unirradiated control: *, RKO×C cells; *, RC10×1 cells. The kinase activity was quantitated by liquid scintillation of excised gel fragments. An average of three experiments with 1 S.E. are shown Cdc2 kinase activity in RKO×C cells again declined 72 h after irradiation in pH 7.5 medium and coincided with the exit of cells from G2/M-phase (Figures 1 and 2) , whereas the kinase activity in RC10×1 cells remained elevated 48 ± 72 h after irradiation in pH 7.5 medium probably because a large fraction of RC10×1 cells was still in G2 phase. Our observations are in agreement with the report by Lock and Ross 39 that cyclin B1-Cdc2 kinase activity remained upregulated until the cells exited from G2 phase and began mitosis.
Our results unequivocally demonstrate that environmental pH exerts profound influence on the transition of cells through G2/M-phases. As shown in Figure 1 and Table 1 , both RKO×C cells and RC10×1 cells exited from radiationinduced G2/M arrest at a much slower rate in pH 6.6 medium than in pH 7.5 medium. As a consequence, the rate of increase in the apoptotic cell population in pH 6.6 medium was much slower than that in pH 7.5 environment in both cell lines after irradiation (Figures 1 and 3) . The PARP cleavage and DNA fragmentation were also less in pH 6.5 medium than in pH 7.5 medium. Similar results that acidic environment perturbed the progression of irradiated cells through G2/M-phase thereby suppressing the occurrence of apoptosis were obtained in the study with MEFs ( Figure 4) . We previously observed that the release from G2/M arrest and subsequent apoptosis were suppressed in an acidic environment in SCK mouse tumor cells carrying mutated p53 13 as well as p53-null HL-60 human leukemia cells.
14 Such a prolongation of G2/M arrest after irradiation in acidic medium may also be attributed to the prolongation of G2 arrest, as demonstrated by our acridine orange/flow cytometry study ( Figure 6 ).
In both RKO×C cells and RC10×1 cells, the cyclin B1-Cdc2 kinase activity in pH 6.6 medium was similar to that in pH 7.5 medium during the first 24 h after irradiation ( Figure  9 ). However, the kinase activity abruptly decreased following the recovery at 24 h after irradiation in pH 6.6 medium so that during 48 ± 72 h after irradiation the kinase activity in the cells in pH 6.6 medium was significantly lower than that in the cells in pH 7.5 medium in both RKO×C cells and RC10×1 cells. Why the kinase activity is decreased after irradiation in pH 6.6 medium and whether this decline in kinase activity in pH 6.6 medium is the cause of the sluggish exit of cells from G2 arrest in pH 6.6 medium after irradiation remains to be investigated. It also remains to be elucidated whether the decline in cyclin B1-Cd2 kinase activity resulted from a decline in cyclin B1 or phosphorylation of Cdc2.
Depending on the medium pH, there was a subtle difference in the kinetics of change in p53 level after irradiation (Figure 8 ). The radiation-induced increase in p53 levels peaked at 4 h in pH 7.5 medium and at 8 h in pH 6.6 medium. Unlike the small difference in the expression of p53 in RKO×C cells after irradiation in the different pH media, the expression of p21 after irradiation was markedly less in pH 6.6 medium than in pH 7.5 medium, which suggests that acidic stress may suppress the ability of p53 to transcriptionally upregulate p21.
It is believed that G2 arrest after irradiation allows the cells to repair DNA damage. Whether the prolonged G2 arrest after irradiation in the cells deficient in p53 relative to that in the cells carrying p53 and the prolonged G2 arrest in pH 6.6 medium relative to that in pH 7.5 medium ultimately result in higher clonogenic tumor cell survival remains to be determined. Pertinent to this question is a report that an acidic environment renders cells resistant to radiationinduced clonogenic cell death. 12 An acidic environment lowers the intracellular pH, although there are a number of cellular mechanisms which prevent drastic changes in the intracellular pH. 40 Mechanisms by which acidic extracellular environment causes apoptosis and alters the radiation response of cells are being investigated in our laboratory. MEFs were obtained by transfecting p53 +/+ MEFs with adenovirus early region IA (E1A) and H-ras oncogen. The cells were grown in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin. The cells were cultured in 25 cm 2 plastic tissue culture flasks at 378C in a humidified 5% CO 2 /95% air atmosphere. When the cells were in exponential growth phase at a cell density of 3610 6 cells/ 25 cm 2 flasks, the media was replaced with fresh media that had been adjusted to the desired pH value using 30 mM each of Tris, MOPS (3-(4-morpholino) propanesulfonic acid) and MES (morpholinoethanesulfonic acid) buffers.
Irradiation of cell cultures
After the cells were conditioned to the new pH media for 30 min at 378C, they were irradiated with 4 Gy or 12 Gy of g-rays at a dose rate of 0.9 Gy/min with a 137 Cs irradiator.
DNA gel electrophoresis
After the various treatments, the cells were collected, washed with PBS, and resuspended in lysis buffer (10 mM Tris-HCl, pH 7.4; 10 mM NaCl; 10 mM EDTA; proteinase K at 0.1 mg/ml; 1% (w/v) SDS) and incubated at 488C overnight. Cold (48C) 5 M NaCl solution was then added to the lysate, the mixture was vortexed for several seconds, and then centrifuged at 10 0006g for 5 min. The supernatant was mixed with isopropanol (1 : 1) and incubated at 7208C overnight to precipitate the DNA. After centrifuging at 12 0006g for 20 min, the pellet was resuspended in TE buffer (10 mM Tris-HCl pH 7.4, 1 mM EDTA) and the RNA was digested by adding 0.2 mg/ml DNase-free RNase. An aliquot of 15 ± 20 mg of DNA from each sample and the DNA molecular weight marker were subjected to electrophoresis on 1.5% agarose gel in TBE (89 mM Tris base, 89 mM boric acid, 2 mM EDTA) and the DNA was stained with ethidium bromide.
6,11
Western blot analysis
Cell lysates were prepared with solubilizing buffer (pH 7.4, 1% Triton X-100, 1% deoxycholic acid sodium salt, 0.1% SDS, 20 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 2 mM PMSF, 2 mg/ml aprotinin and 2 mg/ ml leupeptin). Cell lysates were analyzed by 7.5% polyacrylamide gel. After SDS ± PAGE was performed, proteins were transferred to a PVDF membrane (Amersham, Piscataway, NJ, USA). The membrane was blocked with Tris-buffered saline supplemented with 0.05% Tween-20 (TBST) including 3% milk at 48C overnight. The membrane was then incubated with anti-PARP antibody (1 : 500; Upstate Biotechnology, Lake Placid, NY, USA), anti-p53 (1 mg/ml; Oncogene Research Products, Cambridge, MA, USA), anti-p21 (1 mg/ml; Upstate Biotechnology, Lake Placid, NY, USA), and anti-b Tubulin (1 mg/ml; PharMingen, San Diego, CA, USA), and secondarily incubated with a HRP-conjugated antibody (1 : 2000, Amersham, Piscataway, NJ, USA). Subsequently, the membrane was developed with ECL Western blotting detection reagents according to the manufacturer's instructions.
Flow cytometric analysis PI method 13 Cells were ®xed in 10 ml cold 80% (v/v) ethanol at 48C overnight. The cells were then centrifuged, washed with 1 ml PBS and resuspended in 2 ml PBS. To a 2 ml cell suspension, 30 units of DNasefree RNase was added and then 100 ml PI (propidium iodide; 50 mg/ml) was added. After a gentle mixing, the resuspended cells were incubated in the dark at 378C for 1 h and covered until used. The¯uorescence of the cells was measured using about 2610 4 cells in a FACSCalibur¯ow cytometer (Becton Dickinson, San Jose, CA, USA). The fraction of cells in each cell cycle stage or undergoing apoptosis was estimated from the cellular DNA content. 6, 11 Acridine orange method 34 Cells were trypsinized, rinsed in PBS and ®xed in 80% (v/v) ethanol at 48C overnight. The cells were then centrifuged, resuspended in 1 ml PBS containing 10 mg/ml DNAse-free RNAse A and incubated at 378C for 1 h. After centrifugation, the cells were resuspended in 0.1 M HCL and left at room temperature for 30 s to denature the DNA. 0.5 ml acridine orange was added to the sample, and then the cell sample was run through a¯ow cytometer. The forward and side scatter thresholds and the red¯uorescence gate were set to exclude cells that were clearly apoptotic so that only data from non-apoptotic cells was collected. The data from 2610 4 cells were collected from each sample and the green¯uorescence was plotted against the red uorescence. It was possible to clearly discern G1, S, G2 and mitotic cells using this type of bivariate analysis.
Cyclin B1-associated Cdc2 kinase activity Cells (3610 6 /sample) were lysed in 500 ml of 1% NP-40 buffer (pH 7.4, 1% NP-40, 0.25% deoxycholic acid sodium salt, 0.1% SDS, 20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 2 mM PMSF, 10 mM iodoacetamide, 1 mg/ml aprotinin and 1 mg/ml leupeptin). Lysates were spun twice at 12 0006g for 15 min at 48C and immunoprecipitated using mouse monoclonal anticyclin B1 antibody (100 mg lysates, 1 mg antibody; Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h. Immune complexes were collected with 50 ml of protein A-sepharose beads (Repligen, Cambridge, MA, USA), washed four times with 1% NP-40 buffer and then equilibrated in kinase buffer (50 mM Tris-Cl, pH 7.4, 10 mM MgCl 2 , 1 mM DTT). Samples were incubated with 50 mg/ml histone H1 (Boehringer-Mannheim, Indianapolis, IN, USA), 30 mM ATP, and 20 mCi [g-32 P]ATP (ICN, Costa Mesa, CA, USA) at 308C for 30 min. The kinase reactions were terminated by the addition of an equal volume of 26SDS-sample buffer. The reaction mixture were resolved on 12% SDS-polyacrylamide gels. Kinase activity was visualized by autoradiography and quantitated by bcounter. 31 
